Metal-nitrogen coordinated graphite coordination structures are becoming more and more attractive for its novel catalytic activity in oxygen reduction reaction (ORR) at the fuel cells. In this work, single copper atom on graphitic carbon nitride acting as electrocatalyst for ORR have been investigated by using the density functional theory method. Our study results that the Cu site is the active center for all the possible elementary steps of the ORR. Further studies the elementary reaction steps are used to explore the underlying mechanisms to gain insights into ORR. Both the O 2 dissociation and O 2 hydrogenation paths are probably to ORR on the CuN 4 -Gra surface. All the possible elementary reaction steps for the ORR are exothermic with small reaction barriers (less than 1.98 eV) for O 2 hydrogenation. Meanwhile, with large reaction barrier (3.16 eV) for O 2 dissociation to go through the rate-limiting steps. The Gibbs free energy for each elementary step of ORR is used to clarify which path determine the ORR/OER on the CuN 4 co-doped graphene. Scaling relation and surface phase diagram are obtained by calculated Gibbs free energy of intermediates at surface active sites with various adsorption species. The different working potentials are also considered for the studied catalysts, as the overpotential of ORR is also an important indexes of the catalytic activities of the catalyst, we calculated the overpotential for each active site on the structures and determined the minimum overpotential for ORR.
Introduction
The metallic and N doped 2D materials embedded structure such as graphitic [1] [2] [3] , pyridinic [4] [5] [6] , and pyrrolic N [7, 8] and metal-N heterogeneous structures have been investigated to be as promising catalytic substitutes for oxygen reduction reaction (ORR) and initiate a command in an application to fuel cells in recent years [9, 10] . The metal and N heteroatoms of embedded structure could tune the charge distribution and change catalytic activity of graphite due to the difference in electronegativity between the contiguous N and C atoms. Currently their main usage is focused to as reliable energy storage or energy conversion device applications, [11, 12] the main challenges need to be overcome are related to the storage of O 2 , and energy conversion efficiency. Thanks to the high energy conversion efficiency and storage density of the ORR process for fuel cells, [13] it have been applied massively in portable electronic devices. Metal-N doped graphite catalytic materials have attracted immense attention, due to the high catalytic activity for ORR/OER reactions as power sources for electric vehicles [14] . For example, there are considerable works which reveals metal-N graphite materials has exhibited a higher ORR activity than non-metallic N-doped graphene; [15, 16] Recently, some theoretical investigations have shown that nitrogen-coordinated transition metals (e.g., Mn, Fe, and Co) in graphene exhibit also good ORR catalytic activity [17, 18] . Bai et al. [19] studied the reaction mechanism for oxygen reduction reaction (ORR) on P-doped graphene through the DFT method, resulting that P-doped graphite could exhibit high electrocatalytic activity, the most favorable reaction pathway is the hydrogenation of O 2 molecule to form OOH, then the hydrogenation of OOH gives H 2 O and atomic O in ORR. Liu et al. [20] found that Fe/N-doped graphene could create a promising catalytic activity for ORR, and it can be as guidance for catalytic material design. Lu et al. [21] has studied the formation energy for MnN 4 embedded in graphene with dispersion-corrected density functional theory study for application in fuel cell devices, it is conducive to the design and improvement of catalyst ORR efficiency. Baran et al. [22] have investigated the ORR on metalloporphyrin combined with graphene based on metal MN 4 structures, resulting that there is a sensible scaling relationships between the Gibbs free energies and overpotential of oxygenated species (such as O, OH and OOH) during the ORR process, [23] it implied a volcano plots within overpotential versus adsorption Gibbs free energy of oxygenated species of ORR activity. The free energy of the ORR intermediates can be calculated by using the procedures proposed by Nørskov et al. [24] the details about the calculation methods can be found elsewhere [25, 26] by calculation barrier energy can determine the most favorable reaction pathway of elementary reaction steps.
In this study we assume that the temperature is constant at 298.15 K with pO 2 = 0.1 bar [27] , thus the change in Gibbs free energy caused by the temperature effect is neglected and included only phase state, solvation and hydrogen bonds correction [28] . The scope of this work is to explore the pathway of the reaction mechanism and the thermokinetics of the involved elementary reaction steps for ORR/OER on the CuN 4 active site. To further identify the most favorable pathway for ORR was performed to locate transition states (TS) and obtain barrier energy by CI-NEB method. [29, 30] There are two possible reaction pathways for O 2 . One is O 2 can capture one atomic H to form an OOH species and another is O 2 dissociation. During ORR and OER process, it found that there are several possible elementary reaction steps, such as OH and OOH dissociation, atomic O hydrogenation and OH diffusion. According to the original plan, we shall describe these reaction pathways in detail by the theory developed by Nørskov et al. [24] It can correctly describe the activation energy and reaction energy of Elementary reaction processes [31] . Moreover, the solvation and phase state effects are considered by a correction to the ORR from free energy in the calculations. It can be reflected in our calculations for the adsorption of intermediates, the DFT results show that the catalytic activity of the CuN 4 -graphite is comparable to that of Fe and Mn graphite embedded structure electrocatalysts catalyst, it demonstrates that the ORR on this class of catalysts can proceed via several reaction pathways with barrier and reaction energy.
Computational detail
All the calculations of geometric and energy are executed within the framework of density functional theory (DFT) method implemented in the VASP code [32, 33] . The Generalized Gradient Approximation (GGA) with Perdewe Burkee Ernzerhof functional (PBE) is used to describe the exchange correlation potential. A cutoff energy of Plane-Wave basis was sets with an adequate of 400 eV and accurate precision of convergence for the geometry optimization are set to 10 −4 eV/Å for energy change, all atomic structures were fully optimized until the forces were smaller than − 0.05 eV/Å. The K-point samplings of Brillouin zone integration was as implemented on a grid of 4 × 4 × 1 MonkhorstePack method for relaxation calculations and transition state (TS) search by conjugate gradient (CG) method is performed, and a 7 × 7 × 1 grid was used for electronic structure computations (showed in Fig. 1d , e), a periodic (4 × 4 × 1) supercell of CN 4 Cu coordinated structure graphite were selected for used. The real space thickness in the c direction was set to 15 Å in all the computations in which to ensure there is no interactions within the periodic boundary conditions [34] . The climbingimage nudged elastic band (CI-NEB) method was used to calculate activation energy for each step reaction, there are six images are insert along the favorable path to search for transition states (TS), it employed to locate the saddle points (TS) and reaction path alone the smallest energy barrier choose as the reaction pathway [35, 36] . The Gibbs free energy of the ORR intermediates can be calculated from the procedures proposed by Nørskov et al. For each path, the activation energy (ΔEact) and reaction energies (ΔE) were calculated by using formulas: ΔEact = E TS − E IS and ΔE = E FS − E IS , here IS, TS, and FS correspond to the initial state, transition state, and final state, respectively. The Gibbs free energy (ΔG) is given by the follow formula: ΔG = ΔE + ΔZPE − TΔS, it needs correction for H-bonds and phase states of the molecule are executed within the VASPKIT code. Here, ΔE is the formation energy of intermediates can be obtained from DFT calculations, ΔZPE is the correction of zero point energy and entropic (TΔS) within 298.15 K, it can be calculated based on the vibrational frequencies [37, 38] .
Results and discussion

Various ORR involved species
In order to make a thoughtful study the mechanism of ORR (O 2 ) and OER (OH) in both acidic and alkaline media on CuN 4 -graphite surface, firstly we need analyze the adsorption energy of various intermediate structure, it involved possible species in ORR/OER mechanism on the catalytic active medium, the possible molecule adsorption configurations of the various species on in reaction mechanism, it includes O 2 , O, OH, OOH, and H 2 O. For the ORR process, the O 2 molecule adsorption on the catalyst surface is the most essential step in initiating the entire ORR. Meanwhile, the water molecule adsorption is the most important for an OER process. So a suitable O 2 and H 2 O adsorption energy are essential for sufficiently active molecules during the reaction process [39] . The optimized geometry and the calculated Eads for both the most stable and some selected stable mono molecular and co-adsorption configurations are summarized in Fig. 2 . It is well known that the physical absorption of O 2 and H 2 O are the prerequisite whatever the ORR/OER proceed via the 4e transfer process, the other intermediates are chemisorption, it involves O, OH and OOH and their adsorption energy is significantly greater than that of H 2 O and O 2 molecule. So the most stable adsorption configuration of O 2 and H 2 O is first determined in my study, the corresponding adsorption energy is calculated by the follow equation:
It means that the total energy of the adsorbed configurations subtracting the total energy of the substrate (CN 4 Cu surface) and H 2 O or O 2 molecule. Meanwhile, stable adsorption systems and the corresponding formation energy for all possible ORR step intermediate products are obtained by the follow methods reports [40, 41] .
The intermediates (O, OH and OOH) energetically favorable adsorption configurations are shown in Fig. 2 , and the co-adsorption configurations are shown in Figs. 3 and 4. It is found that the OH prefers to stay at the Cu top site and O at the six-member ring or the five-member ring when they co-adsorption, the Eads of the OH in the co-adsorption (1) (4):
Moreover, we set it for four electronic ORR reaction path processes and shown as follows from stage 5 to stage 8. In the whole(O 2 + 4H + + 4e + → 2H 2 O) process contains four stages as follows formulas,and the Gibbs free energy calculation of its corresponding to intermediate reaction as defined by eqn from Eqs. (5) to (8), Furthermore, there are some small additional effect on the ORR adsorbates, such as solvation have estimated as 0.3/ Fig. 2a , e, respectively. For the electronic structure of bare surface (see Fig. 1d, e ), the extra electrons compel the 2p states of N to Cu3d states which across to the Fermi energy and activating the adjacent carbon atoms, eventually resulting in the obvious enhanced adsorption properties of adsorbed species. In addition to the hybridization of N2p* states with the C2p state around the Fermi energy, the hybridization of 2p states of C and N is also observed. This speculation is corroborated by the large binding energy of intermediates, see from Fig. 2 , about − 2.18 eV for *OH, − 3.11/eV for *O, and for − 0.92/eV for *OOH, respectively.
ORR mechanism of O 2
The ORR process of O 2 may occur via two mechanisms. One is direct dissociation into two atomic O and another is associative to form OOH with one atomic H, all the two mechanisms make the adsorbed O 2 molecule sequentially hydrogenates into the final product H 2 O. In the associative pathway, a O 2 hydrogenation occurs to form OOH species and then it can be either hydrogenated to form H 2 O and Figure 1S (see from supporting information), where the individual possible reaction step of the dissociative pathways are shown. The relative reaction energy (ΔE) and reaction barrier energy (Eact) profiles of all reaction steps for the O 2 molecule with atomic H ORR process are presented in Fig. 3a . As a rule, the total energy of the O 2 adsorbed process on CuN 4 -graphene surface is used as the critical state, the adsorption energy of the states during the reduction steps is − 0.45/eV see in Fig. 2 . The detailed data on all potential reaction step reaction energy and barrier energy are summarized in Fig. 3 in the supporting information. According to the calculated reaction barriers, the reaction pathway (as the red line in Fig. 8 ) is the most favorable pathway (reaction mechanism I) throughout the entire ORR. According to the reaction stages presented above, there are four possible stage for the ORR process on the CuN 4 -gra surface is first stage with the highest reaction barrier of 2.04/eV, it corresponding to the hydrogenation process of the O 2 molecule with one atomic H to form the OOH species. Meanwhile, the rate-limiting stage of O 2 dissociation mechanism process with a high reaction barrier energy of 3.16/eV, corresponding to the O 2 change into two atomic O.
We carried out density functional theory (DFT) calculations of the active sites and the overall possible reaction pathways are illustrated in Fig. 8 , where the individual microsteps of the dissociative pathway and associative pathway. In a word, it is seen from all the possible reaction pathways that for O 2 Fig. 3e ). The formed OH diffuses easily from the five-member ring to the Cu top site of the six-member ring with a reaction barrier of 0.69/eV and a small exothermic reaction energy of − 0.36, as presented in Fig. 4d .
The free energy diagram for the complete O 2 reduction at different potentials as shown in Fig. 5 , direct dissociation of O 2 molecule into two atomic O atoms, it requires 
Thermodynamics analysis
To gain further explore of the ORR/OER process at an atomic level. First we convert free energy into Gibbs free energy by correcting, such as solvation correction, hydrogen bonds, phase state and so on. It can be observed in Fig. 6 , it showed a constant separation catalytic activity of 0.2/eV between the energy levels of *O and *OOH, while that of much more large-scale separation activity site of about 1 eV between *OH and *OOH, it is consistent with that of previous analyses which concluded that the energy levels of *OH and *OOH, there have a constant separation of 0.2-3.2/eV on a wide range of catalytic surface. This constant separation has been attributed to the similarities between *O and *OOH with the surface. It is obvious from Fig. 7b (surface phase diagram) that the reduction of OH into H 2 O is the most occurred step which the potentials higher than 0.82/V, indicating that the protonation of OH into H 2 O is more easily along the whole reaction pathway. The reduction of O 2 into two atomic *O becomes, the Gibbs energy results show that the ORR proceeds along the energy profiles of the pathway by producing the *OOH and *O and *OH as the main intermediates on CuN 4 -co-doped graphene. The towards the ORR mechanism of the process has been explored to the interaction between the intermediates and shows a high catalytic activity. As the overpotential of ORR/OER by free energy correction is a crucial index of the catalytic activities of a catalyst materials [44] , we calculated the overpotential of all possible active sites and determined the corresponding overpotential for ORR/OER pathways. An ideal catalyst for ORR (η ORR = 1.23 − U ORR ) need under the equilibrium potential (1.23/eV) with a smaller overpotential. Meanwhile, an ideal catalyst for OER (η OER = U OER − 1.23) need above the equilibrium potential (1.23/eV) with a smaller overpotential. However, the overpotential unreliable to obtain directly because the free energy of the intermediates are needed to correlate, the lower overpotential indicates the better catalyst. Figure 6c , d presents a similar to linear plots, that means the overpotential versus descriptors for various active sites on CuN 4 -graphite surfaces. Note that the catalytic surface gives the best ORR performance based on the estimate of the volcano plot ( Fig. 6a, b ). Indicating that the CuN 4 -graphite catalyst could outperform its graphite materials with transition metal. As showed in Fig. 7a , we presented the scaling relations between the Gibbs energy of the ORR intermediates, as a function of ΔG OH , and Fig. 7b presented the potential dependent surface phase diagram at T = 298 K and pO 2 = 0.1 bar, corresponding to electron transfer steps (0.79, 2.34 V) is marked by circles, the Gibbs free energy between the voltage of the ORR intermediates. In Fig. 7 , we observe a gap with about − 0.11 ~ 2.11 eV in the *O and *OH Gibbs free energy and 0.98-2.74/eV in the *O and *OOH Gibbs free energy. As a guide to the eye, we marked a dotted area between 2.26 and 2.93/eV in the x-axis of Fig. 7a which includes the gaps in the 3 lines. This area strictly separates active sites in each active site. Meanwhile, we sloped the lines *O versus *OH (purple) and *OOH versus *OH (orange) see in Fig. 7a , the value expected from the scaling relationships analysis and been recognized for work for Cu with oxides. These equations were also used as input to construct the volcano plot. We note that both the scaling relations are the same the results obtained for free energy analysis. This similarity is expected since the linear scaling relations are determined by the Gibbs free energy of binding, the intercept of these relations appears to be determined by the absorption strength of intermediates. All intermediates have only at top binding available, resulting in similar scaling relations. Nevertheless, graphite materials are probably more stable in acidic environments has great importance properties. Moreover, the fact that experimentally the active sites are created in the interstices between graphite layers in porous materials could, in principle improve the ORR/OER activities. [45] On the basis of abundant results, this work fully summarizes and analyzes the ORR/OER process of CuN 4 -Gra surface from Fig. 8 Figure  S3 ). Meanwhile, the favorable pathway is 2H 2 O split into 2OH and then dissociation to two atomic *O. Finally the two atomic *O transform into O 2 with a energy barrier of 0.95 eV indicating that the O 2 hydrogenation is much easier than O 2 dissociation and very difficult to spite for water and OH of OER process of CuN 4 -graphite surface. Atomic O is the main intermediates species on the catalyst surface not only but also for OER and ORR process.
Conclusions
Theoretical calculations revealed that the CuN 4 co-doped graphene, it would improve the catalytic activity for the ORR process. This coordination structure has delivered a superior performance compared to conventional metal for catalyzing ORR in fuel cells. First, we calculated the adsorption energy of ORR intermediates, and then calculated reaction energy and barrier energy by using climbing image nudged elastic band (CI-NEB) method to search transition state of all of the ORR elementary reaction steps, indicating that the CuN 4 co-doped graphene as efficient catalyst for ORR The intermediate molecules are always chemisorption at the top of Cu site on the CuN 4 co-doped graphene, it implies that the N-chelated transition metal with carbon plays an important role in the ORR/OER process, the transition metal is the active center for all the possible elementary steps of the ORR. The most favorable pathway is the O 2 hydrogenation to OOH form. OOH from the calculation of barrier energy for all elementary reaction steps, the hydrogenation of O 2 is more easily than O 2 dissociation pathways. According to the scaling relations between the Gibbs free energy and the separation activated site gap value expected from the scalingrelationships, the free energy of oxygenated intermediates (*OOH, *O, and *OH,) in ORR approximately linearly scale with each other, it can analysis and known how to work for metals and oxides of the ORR adsorbates and also has great influence on reaction pathways due to the different active sites. Indicating that the O 2 hydrogenation is much easier than O 2 dissociation. Therefore, our study revealed that the single atomic metallic Cu can improve the catalytic activity of graphite for the ORR without OER process. Since the hydrogenation of O 2 molecule to form *OOH and the hydrogenation of *OOH to form H 2 O and atomic *O, it can be happened spontaneously with a negative reactions energy, this step plays an extremely important role in ORR. It predicted that the reduction and oxidation potential for U ORR is 0.279 V and U OER is 2.76 V, respectively. Our theoretical research is helpful for designing novel efficiency catalysts for fuel cells.
